The rate of germination (defined as loss of heat-resistance accompanied by change in staining properties under specified conditions, with maintenance of viability) of thick puspensions of'Bm*ZZus mbtilis spores in phosphate-buffered L-alanine solution increased with the time from harvesting. The maximum rate of germination was reached after about 20 days' storage in water at 20°. This effect could be retarded, but not reversed, by storage at low temperatures. The rate of germination may be-temporaqly accelerated by heat treatment. Germination was considerably retarded after treatment with mercuric chloride, and was completely inhibited by 8-hydroxyquinoline (oxine) and by 2 :$-dimercaptopropanoI (BAL) at 10 mlcl concentration. The latter effect was partially reversed by the addition of metals.
for non-heat-resisting cells, determined by the plating method in the same samples (Fig. 1) . The total number of cells counted in both methods was about 600, and the blue-staining or non-heat-resisting cell count ranged from 800 to 500, so that the standard error of counting was 4-6 7'. It thus appears that loss of heat-resistance can be estimated equally well by counting the cells which have undergone the above change in staining properties, which may be connected with a sudden increase of cell permeability. The plating method was therefore abandoned in favour of the less laborious staining technique, except in those cases where it was necessary to determine the viability of the germinated cells.
It was also observed that the turbidity of a spore suspension markedly decreased on incubation with L-alanine. This phenomenon was obviously due to the decrease in refractive index and therefore in the amount of light scattered by the spore during germination. Measurements of percentage transmission of germinating suspensions were made at 610mp. in a Coleman spectrophotometer. Using this simple turbimetric method at 8 7 O , many readings may be made a t short intervals, and the effect of storing and pre-heating of spores very clearly demonstrated (see below).
RESULTS
The germination rate of thicker spore suspensions, i.e. log spores/ml. in 0-5m.n~ L-alanine a t 85' was slower and less complete than that of dilute suspensions. It could be increased by raising the L-alanine concentration to
5-
and adding 50-glucose, the mixture being buffered by 8 8 m~ phosphate a t pH 7.8 as before. Under these conditions, 80-90% germination occurred in 80 min. and pIate counts showed that even after 2-3 hr. incubation, all the cells remained viable.
The effect of substituting acetate and bicarbonate buffer for phosphate is shown in Table 1 . The buffer-capacity of 3 8 m~ acetate at neutrality is low, so that here the L-alanine concentration was decreased to 0.5 m~. The germination rate in this mixture without glucose was at least equal to, or possibly greater than, that in phosphate buffer of the same pH, and all the cells were viable a t the end of the experiment. Germination proceeded as well in bicarbonate as in phosphate buffer a t pH 8.1. In this case, glucose was present and the L-alpnine concentration was 5 m~, so that germination was more rapid and extensive than in the acetate experiment a t pH 6.8. The difference in percentage germination between the phosphate-bicarbonate and the phosphate-acetate comparison experiments cannot be ascribed to the difference in pH, for the germination of a 101 spores/ml. suspension in 0 . 5 m~ L-alanine measured a t 1.5 hr. in phosphate buf€er of pH ranging between 6.0 and 8.0, did not vary appreciably between pH 6.5 and 8-0.
The germination of freshly harvested spores was very slow and incomplete even in 5 m~ L-alanine and glucose. On storing the aqueous spore-suspension a t room temperature the germination rate gradually increased to a maximum a t about 20 days (Fig. 2) . For example, a 8-day-old suspension showed only This spontaneous increase in germination rate during storage, conveniently referred to as ageing, was slower at low temperatures. Table 2 shows the germination rate of two samples of the same suspension, one of which had been stored a t 20°, the other at 4r0 for 81 days, compared with the gemination rate Germination of €3. subtilis spores 383 of the same suspension when freshly reaped. Storage of aged cells at low temperature did not, however, result in a decreased germination rate. Neither was it affected by a 3-fold washing of an aged suspension (25 days a t 20'). Ageing was therefore not due to breakdown of some spores with loss of diffusible constituents which stimulated the germination of the remainder. In order to determine whether spores would age in the above sense, on prolonged contact with the CCY agar on which they had been grown, the germination of a 3-day-old suspension, reaped after 30 days' incubation, was measured by the staining method; 5, 30 and 72% germination occurred a t 15, 30 and 60 min. respectively, which is a performance characteristic of a still ' young' suspension.
The effect of ageing on germination was also demonstrated by turbidity measurements during incubation with L-alanine. Fig. 8 shows that the rate of increase of light transmission was very much greater in the case of aged than of freshly reaped spores.
A temporary increase in the rate of germination was produced by heating an aqueous spore suspension at 60' before its addition to the buffered alanine. Table 8 compares the effect of pre-heating a freshly reaped, i.e. a 3-day-old spore suspension for 15 min., and for 3-5 hr. In Fig. 4 , the result of a similar experiment with a 7-day-old spore suspension is shown, the turbidity of the suspension being measured a t short intervals during germination. Here, the times of pre-heating were 30 min. and 3.5 hr. The effect of heat treatment was almost completely lost in about 48 hr. (Table 3 ), so that the heat-activation process seems not to involve the same mechanisms as the ageing process.
In order to test for germination stimulants produced in spores during heating, a lo9 spores/ml. suspension, heated for 2 hr. at 60'. was broken up with glass beads in a Mickle tissue disintegrator (Mickle, 1948) . After centrifuging and Seitz filtration, 1 ml. of the extract was added to 9 ml. of a 104/ml. spore sus- pension in phosphate buffer. Thus there was available to each spore an amount of extract equivalent to 1 0 4 heated spores. Even after incubation for 2 hr. at 85', there was no evidence of germination, as measured by the plating technique. Similarly, the germination of a l+/ml. spore suspension after 1 hr. incubation in 0 -5 m~ L-alanine was not stimulated by the addition of pre-heated spore Germination of B. subtilis spores extract. In the latter experiment there was available to each spore an amount of extract equivalent to 8 x lo4 heated spores.
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Effect of certain enzyme inhibitors
A few experiments were done to determine the effects of certain enzyme inhibitors on the germination process in L-alanine. Keilin & Hartree (1947) showed that the germination of B. subtilis spores in glucose yeast extract medium was completely inhibited by a 2 0 ,~~ concentration of 8-hydroxyquinoline (oxine). The inhibition was removed by washing and re-suspending the spores in fresh medium. These authors generally used the sudden increase in rate of oxygen uptake accompanying proliferation as an index of germination; in the oxine experiment, however, the inhibition was 'confirmed by microscopic examination'. The resting metabolism of both the spore and the vegetative cell was found to be considerably less sensitive to oxine, a concentration of 1 m~ being required to decrease the rate of oxygen uptake by 30 %. The germination of B. szlbtilis spores in the present investigation, as measured by both the staining and the plating techniques, was unaffected by 1 m M oxine and all the cells remained viable. In the presence of 10mM oxine germination was completely inhibited. In these eqeriments the spores in 109/ml. suspension were first incubated with glucose, buffer and oxine for 20 min.; the L-alanine was then added, and germination measured after a further 30 and 60min. incubation.
Using the same conditions as in the above experiment, similar results were obtained with 2 : 8-dimercaptopropanol (BAL). This compound inhibits certain metal-activated enzyme systems at concentrations of 1-10 mM (Webb & van Heyningen, 1947; Barron, Miller & Meyer, 1947) . Concentrations of BAL up to 2mM did not appreciably diminish spore germination as indicated by staining. On increasing the BAL concentration, inhibition became noticeable at 4 m~, and complete a t 1 0 m~. A partial reversal of the inhibition was obtained by the addition of soluble salts of zinc, magnesium, copper and iron. The germination thus observed after 30 and 60 min. incubation varied between 10 and 30 %. It was not possible to make satisfactory counts with these suspensions since even after treating the slide with dilute acid to remove precipitated BAL-metal complex, the cells remained in clumps.
To test whether the viability of spores was affected by concentrations of BAL which inhibited gemination, a log spores/ml. suspension was incubated with 1 O m .~ BAL in L-alanine glucose buffer mixture for 30 min. The suspension was also treated with 1OmM BAL alone for 30 min. Both samples were then diluted 11108 and plated. In the former case the viable count had fallen by 20%, but remained unaltered in the latter.
The effect of pre-treatment of spores with mercuric chloride before incubation with L-alanine was also studied. A log sporeslml. suspension in 5 % mercuric chloride was allowed to stand at room temperature for 40 min. after which the mercuric chloride solution was removed, and the spores washed four times with water. No visible colonies were produced by plating the treated suspension on peptone agar. When, however, the ' non-viable ' suspension was
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incubated with L-alanine and glucose, within 60mh. SOY0 of the spores showed the change in staining properties associated with germination. The process was, however, markedly slower than that in a control suspension (Table 4) .
With regard to the viability of mercuric chloride treated spores, 80 yo of the original viable count was reached when the spores were plated on peptone agar to which O*lyo sodium thiolacetate had been added. The reviving effect of 0.1 yo BAL was also tested, but found to be less than that of thiolacetate. This may be due to the decomposition of BAL during the drying of the plates; the medium became heavily clouded with sulphur. A mercury-treated suspension which had been incubated with L-alanine for 1 hr., and showed 80 yo change in staining properties, was also tested for viability on thiolacetate agar. Here, only 15% revival was obtained. This was slightly increased, however, by including 0.1 yo thiolacetate in the final dilution, which was allowed to stand for 1 hr. before plating. When BAL was substituted for thiolacetate in the plated dilution, 50% revival was obtained. DISCUSSION Curran & Evans (1945) showed that pre-heating stimulated the germination of certain thermo-tolerant bacteria, e.g. Bacillus coagulans and B. calidolactis. A similar effect was observed by Goddard (1939) in the germination of ascospores of Nezcrospora tetrasperma. Here it was found that the heated spores became deactivated on storage for a few hours under anaerobic conditions, or in the presence of cyanide, but could be reactivated by further heat-treatment. With regard to the mechanism of heat-activation, it is reasonable to apply the suggestion made by Goddard (1939), namely, that the rate of spore germination may be a t least partly determined by the concentration of a stimulatory compound in the spore, and that the supply of this compound is limited by a heat-activated reaction. The irreversible ageing process is more difficult to explain. Spores which remain in contact with the solid medium for long periods germinate far less Germination of B. subtilis spores 337 readily in L-alanine solution than do those which have been stored in watery suspensions for the same period. It is possible that the newly formed spore contains substances which antagonize its germination and that these substances are lost when the spore is harvested, but not when it remains in contact with the medium in which it has grown and which may now contain an unfavourable balance of nutrients as well as products of metabolism. Since the ageing effect can be retarded by storage a t low temperatures, it may be suggested that the inhibitory substance is lost by a heat-activated adsorption process (Taylor, 1932) .
It is interesting to note that Schwann (1924) found that in the case of Bacillus unthracis, the percentage germination as directly observed on nutrient agar decreased from 95 yo in young spores, i.e. up to 7 days old, to 55 yo after storage for a year. In these experiments, however, germination was taken as the appearance of the first cell division, and the ageing process took place under drying conditions, so that these results cannot be directly compared with those reported here.
Spore germination in L-alanine is comparatively insensitive to oxine, a concentration of 1OmM being required for complete inhibition of the change in heat resistance and staining properties. This concentration is high compared with that found by Keilin & Hartree for B. subtilis spores in yeast extract medium. These authors, however, included growth and proliferation in their criterion of germination, and it is likely that the two latter processes are more sensitive to oxine than is the initial change involving loss of heat-resistance. The concentration found in the present work to be necessary for inhibition of germination is of the same order as that found by Keilin & Hartree to inhibit the resting metabolism of the spore, i.e. the respiration in glucose and phosphate buffer.
The effect of BAL on spore germination is very similar to that of oxine. Both these compounds readily form complexes with metals and may be expected to inhibit those enzyme systems which are metal-activated. The reversal of BAL inhibition by addition of excess of metal salts has not been satisfactorily assessed.
The behaviour of mercury-treated spores with L-alanine is surprising. Since a high proportion of spores can be revived after mercury treatment, it seems fairly certain that the change in staining properties is a genuine vital process, and not due to damage to the cell by mercury. The results suggest that the change in heat-resistance can occur in cells which are incapable of growth and division; this is also suggested by the experiments with oxine. It may, however, be argued that the mercury ion does not, in fact, enter the spore, but remains attached externally to the spore coat and exerts its bacteriostatic effect during the next stage of development. Germination is appreciably slowed by pretreatment with mercury salt, but it cannot be proved that the phenomenon is due to entry of mercury and not to a change in permeability of the spore-wall caused by combination with mercury. 
